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We investigated whether angle magnitude, similarly to numerical quantities (i.e., the SNARC effect), is associated to the side of response execution. In addition, we investigated whether this association has the properties of a spatially-oriented mental line, since angles are taught in a right-to-left progression. We tested two groups of participants: civil engineering students (high familiarity with angles) and psychology students (low familiarity with angles). In Experiment 1, participants were asked to judge the continuity of the angles’ arms (continuous vs. dashed). Magnitude of the angles was task-irrelevant. In Experiment 2, they were asked to judge whether the presented angles were smaller or larger than a right angle (90°). Therefore, the angle magnitude was relevant for performing the task.













The concept of "angle" is of crucial importance both for the Euclidean geometry and for everyday life applications in many professions, such as engineering, architecture and physics. The main fields of investigation of angles in psychology regard the reproduction, the perception and the estimation of angle magnitude. Several studies (Beery, 1968; Fischer, 1969; Jastrow, 1892; Maclean & Stacey, 1971) aimed at explaining why acute angles are overestimated, and obtuse angles are underestimated. However, the way angle magnitude is mentally represented in relation to space remains largely unexplored. 
In contrast, number magnitude and space are known to be closely related (for a review, see Umiltà, Priftis, & Zorzi, 2009). The first study that showed a spatial relation between number magnitude and the side of response execution was the study by  Dehaene, Bossini, and Giraux (1993). They found that, when processing a number’s parity status, participants were faster at judging the parity of large numbers (e.g., 9) when responses were executed in the right hemispace. On the other hand, they were faster at judging the parity of smaller numbers (e.g., 1) when responses were executed in the left hemispace (i.e., Spatial Numerical Association of Response Codes: SNARC). Note that number magnitude was not relevant for performing the task. The SNARC effect suggests that the magnitude of relatively small numbers is usually associated with the left hemispace, whereas the magnitude of larger numbers is associated with the right hemispace (i.e., a left-to-right oriented mental number line: MNL; but see Proctor & Cho, 2006 for an alternative account). The spatial orientation of the MNL (i.e., left-to-right vs. right-to-left) can be influenced by cultural and educational factors. For instance, Arabs, who read from right to left, associate small numbers with the right hemispace and larger numbers with the left hemispace (Shaki, Fischer, & Petrusic, 2009; Zebian, 2005). Thus, spatial representations in the brain might have been “recycled” during evolution to represent magnitude (Dehaene, 2005), but the orientation of this representation (left-to-right vs. right-to-left) seems to be determined by cultural and educational factors, such as reading direction (see also Rinaldi, Di Luca, Henick & Girelli (2014) for recent evidence about the role of reading direction in visuospatial processing.). 
Few studies investigated the existence of a relation between different levels of mathematical or spatial abilities, and the SNARC effect. However, these findings seem quite controversial and sometimes contrasting. Viarouge, Hubbard, & McCandlis (2014) revealed that individuals with greater visuospatial abilities in 2D mental rotation showed a smaller SNARC effect. They concluded that greater visuospatial proficiency is related to greater abilities in  moving the attention along the MNL, and therefore indicate a smaller SNARC effect. Concerning mathematical abilities, two recent studies revealed contrasting evidence. Hoffmann, Mussolin, Martin & Schiltz (2014) found that higher levels in arithmetic abilities lead to relatively weaker SNARC effects, while Cipora & Nuerk (2013) found no systematic relationship between mathematical abilities and the SNARC effect. However, a recent study firstly compared the SNARC effect of professional mathematicians with those of two control groups, a group of engineers and a group of participants without specific proficiency in mathematics (Cipora, Hohol, Nuerk, Willmes, Brożek, Kucharzyk, & Nęcka, 2015). Their results revealed that only professional mathematicians did not show a significant SNARC effect, while professionals that use advanced mathematics in their work (e.g., engineers) showed a consistent SNARC effect.       
Bächtold, Baumüller & Brugger (1998) demonstrated that not only interindividual differences but also task instructions may highly influence the SNARC effect. Actually, authors instructed participants to imagine numbers represented on a ruler or on the face of a clock. Results showed that, in the former case, a typical left-to-right SNARC effect emerged, whereas, in the latter case, the direction of the effect was reversed.
In devising the present study, we hypothesized that angles, as numbers, can produce a spatial compatibility effect similar to the SNARC effect. This idea is generally supported by Dehaene, Dehaene-Lambertz, & Cohen's study (1998). Indeed, they revealed that the processing of quantitative information, conveyed by symbolic and non-symbolic stimuli, produces the same effects on both reaction time and accuracy (i.e., distance effect and size effect). Further support for the existence of a common cerebral representation of quantity comes from a study conducted by Fias, Lammertyn, Reynvoet, Dupont, & Orban (2003). These authors revealed a site in the left IPS (intraparietal sulcus), which is specifically responsive for quantity comparisons, regardless of stimulus format (i.e., angles, lines or digits).
Much evidence emerged in the last decade revealing various SNARC-like effects for different kinds of stimuli, such as pitch height (Rusconi, Kwan, Giordano, Umiltà, & Butterworth, 2006; Lidji, Kolinsky, Lochy, & Morais, 2007), musical note values (Prpic, Fumarola, De Tommaso, Luccio, Murgia, & Agostini, 2016), luminance (Fumarola, Prpic, Da Pos, Murgia, Umiltà, & Agostini, 2014), dice dot patterns (Nuerk, Wood, & Willmes, 2005), and physical size (Ren, Nicholls, Ma, & Chen, 2011). 
Walsh's (2003) ATOM model (i.e., A Theory of Magnitude) is the current theory used to explain many findings regarding quantity and space interaction. Walsh underlined the role of the parietal cortex in the processing of space, time and quantity, suggesting the existence of a common code for their representation. Moreover, he suggested that not only numbers but any spatially or action-coded magnitude, should reveal a connection between magnitude and space. Indeed, Walsh proposed to introduce the name SQUARC (i.e., Spatial-Quantity Association of Response Codes) instead of SNARC to underline the potential extension of this effect to several symbolic and non-symbolic quantities.   
Since angles are a non symbolic representation of quantity, we decided to investigate whether angle magnitudes are spatially coded on a mental line, and whether this spatial representation depends on different levels of expertise. For instance, angles are formally taught at school according to a right-to-left progression, where the upper of the two arms of small angles (e.g., 1° to 89°) is positioned on the right side of the angle's vertex, whereas for larger angles (e.g., 91° to 180°) it is positioned on the left side of the angle's vertex (Figure 1). We hypothesized that participants with a higher level of formal education concerning angles, might have a right-to-left (counter clockwise) representation of angle magnitude, according to the usual way in which it is taught and depicted. Moreover, angles are also drawn with a protractor in magnitude progressive right-to-left (counter-clockwise) direction1. To this purpose, we tested two groups of participants: a group of sixteen students who specialized in civil engineering (high level of familiarity with angle magnitude), and a group of sixteen psychology students (low level of familiarity with angle magnitude). If our prediction is correct, psychology students should not show a systematic spatial association for angles, at least in an indirect task, in which the processing of angle magnitude is irrelevant for performing the task. Similar results were found for pitch height (i.e., Spatial-Musical Association of Response Codes or SMARC effect), when both musicians (high familiarity with pitch) and non-musicians (low familiarity with pitch) were tested (Rusconi et al., 2006). Evidence revealed a stable association for musicians, whereas non-musicians failed to show a reliable spatial association. In particular, an association was missing for the horizontal response alignment when pitch processing was order-irrelevant (indirect task). These differences in the spatial representation of musicians and non-musicians could be ascribed solely to the role of expertise and familiarity with pitch height processing. 
In this particular study, we used a modified SNARC-like task where angles were presented in the centre of a screen. Participants were tested in two experiments. When angle magnitude was irrelevant to the task, they had to discriminate whether the angle arms were continuous or dashed (i.e., Experiment 1: indirect task). When angle magnitude was relevant to the task, participants had to discriminate whether the angle was smaller or larger than 90° (i.e., Experiment 2: direct task).






Participants. Sixteen civil engineering students (thirteen males, mean age: 27; three females, mean age: 22) and sixteen psychology students (eight males, mean age: 25; eight females, mean age: 24) participated in both experiments. All participants were right-handed and had normal or corrected-to-normal vision. They gave their informed consent to participate in the study.

Design. The independent variable was angle magnitude, whereas the dependent variable was the difference between reaction times (RTs) of the left hand and RTs of the right hand: dRTs = RTs(right hand) - RTs(left hand). Negative dRTs indicate faster responses with the right hand, whereas positive dRTs indicate faster responses with the left hand.

Apparatus and stimuli. We used the E-Prime software (version 1.2., http://www.pstnet.com/eprime.cfm) to create and perform the experiment. Stimuli were displayed on a 19-inch, 16 million color screen, with a 1024 x 768 pixel resolution (screen refresh rate: 75 Hz). The PC was a Pentium IV (RAM: 512 Mb), running Windows XP. We used a chinrest to keep the distance between the screen and the participants’ head constant, and a response box to record participants’ responses.
Each trial comprised three stimuli. The first stimulus was a fixation cross, positioned in the centre of the screen, measuring 1° by 1°. The second stimulus was an angle (30°, 45°, 60°, 75°, 105°, 120°, 135°, 150°; 90° was excluded). The arms of the angles were either continuous or dashed and measured 10° each (Figure 2). The third stimulus was the feedback word “correct” or “wrong”. All stimuli were white and were presented in the centre of the screen on a black background.

Procedure. The experiment took place in a quiet, dimly lit, room without environmental distractions. Each participant was positioned in front of the PC. The screen, the chinrest and the response box were aligned with the participant’s body midline. Each participant was asked to rest his/her face on the chinrest and to put his/her left index finger on the leftmost button of the response box and the right one on the rightmost button. The viewing distance was about 57 cm.
Each trial started with a blank screen for 300 ms. Then, the fixation cross appeared
for 300 ms. Thereafter, the target angle appeared in the center of the screen until a response was executed. Participants were asked to judge whether the arms of the angle were continuous or dashed. Visual feedback was provided following response execution (i.e., the words “correct” vs. “wrong”). The inter-trial interval was 1500 ms.
The experiment was divided into two sessions. In the first session, participants were
asked to press the rightmost button when the arms of the angles were continuous and to press the leftmost button when the arms of the angles were dashed. In the second session, participants had the opposite assignment. The sequence of the two sessions was counterbalanced between participants. Each of the two sessions started with an 8-trial training block, followed by the experimental block in which each angle was presented 10 times in random order. This resulted in a total of 88 trials in each session. There was a short break between the two sessions.

Results
Responses on trials of the practice block were excluded from the analysis. Data
analysis was carried out with the method of linear regression for repeated measures recommended by Lorch and Myers (1990) (for advantages of this method see Fias, Brysbaert, Geypens, and d’Ydewalle, 1996).  
In the first step, for each participant, the median RT of the correct responses was
computed for each angle, separately for left- and right-hand responses. Then, dRTs were calculated by subtracting the median RT of the left-hand responses from the median RT of the right-hand responses. In the second step, a regression equation was computed for each participant with angle magnitude as the independent variable and dRTs as the dependent variable. In the third step, one-sample t-tests were performed to ascertain whether regression beta weights of each group significantly deviated from zero.
For engineering students , the analysis revealed that their regression slopes were significantly different from zero, (mean slopes = -13.74, SD = 38.13) t(15) = 3.70, p < .05. There was a relative left hand advantage in processing large angles and a relative right hand advantage in processing small angles (Figure 3). For psychology students, the analysis revealed that their regression slopes  were not significantly different from zero, (mean slopes = -0.16, SD = 45.33)  t(15) = -0.54, p = .60. Thus, there was neither a left hand advantage in processing large angles nor a right hand advantage in processing small angles (Figure 3). 






Participants, Design, Apparatus, and Stimuli. These were the same as those in
Experiment 1. The Order of Experiments 1 and 2 was counterbalanced within participants.
Procedure. Participants were asked to judge whether the magnitude of the angle was smaller or larger than 90°. 

Results
Data analysis was carried out with the same method used in Experiment 1. For engineering students, the analysis revealed that the regression slopes were significantly different from zero, (mean slopes = 3.13, SD = 118.27) t(15) = 2.10, p < .05. More precisely, they were faster with their left hand in processing large angles and with their right hand in processing small angles (Figure 4). In the case of psychology students, the analysis revealed that the regression slopes were not significantly different from zero, (mean slopes = 6.27, SD = 97.15)  t(15) = 0.60, p = .56. Thus, there was no difference between their left and right hand responses to angle magnitude (Figure 4). 
Furthermore, to verify the existence of a difference between the groups (engineering vs psychology students) in the two tasks, we performed a mixed ANOVA (2 groups x 2 tasks) on the regression slopes. However, both the main effect of the task F(1, 30) = 1.64, p= .21 and the interaction were not significant F(1, 30) = .46, p = .51. In order to interpret this result, we calculated the statistical power of the test (1-β = .49). 
In order to verify if engineering students were faster and more precise in the angle magnitude comparison task, we performed an analysis of RTs and errors. A paired samples t test and a Mann-Whitney test were performed on RTs and errors, respectively. However, no significant differences emerged, suggesting that engineering students were equally fast, t(15)= .69, p= .5, and as accurate, Z(32) = .-189, p= .85, as psychology students in performing the task. For an overview of the data (RTs for left and right responses) of both experiments see Table 1. 

Discussion
We investigated whether angle magnitude is spatially coded along a right-to-left mental line (counter clockwise representation) and whether the presentation of an angle evokes an association between its magnitude and the space of response execution. In addition, we investigated whether the orientation of this hypothetical spatial representation is affected by education and practice. We hypothesized that participants with higher familiarity with angles (i.e., civil engineering students) have a right-to-left mental representation, since angles are formally taught referring to a continuous progression from the right to the left side of space. Conversely, we predicted that participants with lower familiarity with angles (e.g., psychology students) would not show a systematic spatial representation of angle magnitude. Thus, only for engineering students, we expected faster responses with the left hand to large angles and faster responses with the right hand to small angles. Indeed, although the concept of angles is acquired in primary and secondary school, only certain professional categories frequently use angles (e.g., geometers, civil engineers, architects, etc.). We assumed that the representation of angles could differ depending on their education level (e.g., for cultural and educational effects on the orientation of the MNL, see Shaki et al., 2009; Zebian, 2005; Hoffman, Hornung, Martin & Schiltz, 2013).
Overall, we found that engineering students were relatively faster in responding with their left hand to large angles (i.e., 105°-150°), whereas they were relatively faster in responding with their right hand to small angles (i.e., 30°-75°). The direction of the SNARC effect for angle magnitude is in line with the information provided in an interview by six advanced engineering students that participated in our study 1. Psychology students, in contrast, seem not to show any systematic pattern of association between the space of response execution and angle magnitude. These results are in line with previous literature, where spatial representation of pitch height (i.e., SMARC effect; Rusconi et al., 2006) showed similar differences between musicians (high familiarity with pitch) and non-musicians (low familiarity with pitch), highlighting the role of expertise in developing a spatial representation for certain kinds of stimuli. Moreover, our results are also supported by the study of Cipora, Hohol, Nuerk, Willmes, Brożek, Kucharzyk, & Nęcka (2015), that revealed a consistent SNARC effect for engineers and found that only professional mathematicians lack this spatial association. We cannot exclude, though, that a SNARC-like effect for angle magnitude exists also for participants with lower familiarity with angles (e.g., psychology students). However, based on our data it is quite clear that this effect is influenced by education and, therefore, stronger for engineering students.   
We suggest that angles can be represented along a continuous, analogical, and right-to-left oriented mental line. However, this seems to be true only for people with extended practice and schooling concerning angle magnitude. Even so, the absence of a significant difference between the two groups (engineering and psychology students) does not allow us to exclude that such a representation exists also within people lacking specific education regarding angles. Indeed, because of the low statistical power (1-β = 0.49) we cannot clearly interpret this non significant result (adequate power should conventionally be at least 0.80). 
Moreover, the SNARC effect for civil engineers seems to be continuous in Experiment 1, while it seems to be categorical in Experiment 2. A similar pattern was revealed also for Arabic numbers. Indeed, in comparison tasks (where number magnitude is task relevant) usually a categorical SNARC is observed, whereas in tasks where number magnitude is not relevant (e.g., parity judgment or our Experiment 1) a continuous rather than categorical SNARC effect is observed (Wood, Willmes, Nuerk, & Fischer, 2008). This evidence supports once more the similarity between symbolic (e.g., digits) and non-symbolic (e.g., angles) magnitudes. Additionally, it is interesting to note that the slope in Experiment 1 seems to be driven mostly by the smallest angle (30°), which appears to be strongly associated with the right space. Indeed, without this data point the slope would probably not even be negative anymore.
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Figure 2. Same angle images presented to the participants in Experiments 1 and 2. A:





Figure 3. Negative dRTs indicate faster right hand responses, whereas
increasingly less negative or positive dRTs indicate faster left hand responses.






Figure 4. Negative dRTs indicate faster right hand responses, whereas
increasingly less negative or positive dRTs indicate faster left hand responses .
Continuous regression line: Psychology students; dashed regression line: Civil
engineering students



